There are numerous applications for micromirror arrays seen in our everyday lives. From flat screen televisions and computer monitors, found in nearly every home and office, to advanced military weapon systems and space vehicles, each application bringing with it a unique set of requirements. The microelectromechanical systems (MEMS) industry has researched many ways micromirror actuation can be accomplished and the different constraints on performance each design brings with it. This paper investigates a new "zipper" approach to electrostatically driven micromirrors with the intent of improving duel plane beam steering by coupling large deflection angles, over 30°, and a fast switching speed. To accomplish this, an extreme initial deflection is needed which can be reached using high stress bimorph beams. Currently this requires long beams and high voltage for the electrostatic pull in or slower electrothermal switching. The idea for this "zipper" approach is to stack multiple beams of a much shorter length and allow for the deflection of each beam to be added together in order to reach the required initial deflection height. This design requires much less pull-in voltage because the pull-in of one short beam will in turn reduce the height of the all subsequent beams, making it much easier to actuate. Using modeling and simulation software to characterize operations characteristics, different bimorph cantilever beam configurations are explored in order to optimize the design. These simulations show that this new "zipper" approach increases initial deflection as additional beams are added to the assembly without increasing the actuation voltage.
INTRODUCTION

Background
The rapid advancement of the microelectromechanical systems (MEMS) field over the last several decades has led to the incorporation of these devices into a large variety of everyday applications. Used as accelerometers, gyroscopes, inertial sensors, resonators, and micromirrors, to name a few, they are widely used in many applications. The complex multidisciplinary nature of the electrical and mechanical components, which must take into consideration physics, chemistry, electrical, and mechanical effects simultaneously 1, 2 . Coupling this with the complexity associated with the MEMS fabrication 3 makes it extremely important to conduct adequate modeling and simulations of new designs to verify the desired functionality prior to fabrication.
Problem Statement
In this research a new electrostatic "zipper" actuation scheme is examined for application in fast actuation of large aperture, large angle laser beam steering micromirror platform assemblies. The challenge when attempting to achieve large deflection angles in micromirror actuator assemblies is due to the limited clearance, which is governed by the thickness of the sacrificial layers used during the device fabrication process. As standard fabrication processes limit the sacrificial layers to a couple of microns. This research requires initial deflections in excess of 100 µm in order to reach the desired operation angles. This design addresses this problem by lifting the platform to an initial starting position using stacked bimorph cantilever beams. Extreme deflections have been reached using electrostatic and electrothermal actuation of high stress bimorph beams but current electrostatic designs 4, 5, 6 either have very small deflection angles or extremely long cantilever beams, which require high voltage to achieve pull in. Whereas, electrothermal designs have been shown to reach extreme deflection angles using much shorter bimorph cantilever beams but the exhibit much slower switching speeds 7, 8, 9 . This "zipper" approach utilizes aspects observed in electrothermal designs, which reach the initial deflections required, incorporated into an electrostatic actuation scheme.
ELECTROSTATIC "ZIPPER" ACTUATOR DESIGN LAYOUT
Design Approach
The idea behind this design is to stack bimorph cantilever beams in such a way to allow for the deflections of each beam to be added together in order to reach extreme deflections. This approach has two benefits. First, beams can continue to be added to the actuator to achieve higher and higher deflections, as long as space remains. Second, this approach requires much less pull-in voltage than traditional electrostatic designs with comparable platform deflections because the pull-in of one beam will in turn reduce the height of subsequent beams making it much easier to actuate the entire assembly. Figure 1 shows one of eight design configurations modeled; a 3 beam "zipper" actuator design with a metal bimorph layer covering half of the cantilever beam length and located at the bottom end of the beam. The primary anchor indicates where the actuator is anchored to the substrate and the secondary anchors indicate where the top of one beam is connected to the bottom of the subsequent beam. As these devices were to be fabricated using MEMSCAP's polysilicon multi user MEMS process (PolyMUMPs®) the layer materials and layer thicknesses were fixed parameters 10 .. 
layer width/polysilicon layer width, r = metal layer Young's modulus/polysilicon layer Young's modulus, l = length of the bimorph beam, and t = total beam thickness (both layers added together). Due to this fact and the fabrication criteria, which mandate material thickness, I fixed all aspect of the design to meet design application criteria except the metal layer length. The actuator assembly was constructed of 1.5 µm thick polysilicon (Poly2) beams 500 µm long and 30 µm wide, connected by 10 µm long and 20 µm wide secondary anchors. The 0.5 µm thick gold layers are all 24 µm wide, the maximum allowed by PolyMUMPs® design rules 11 .
Modeling Approach
There were three phases to the modeling of the designs. For all phases static modeling of designs were conducted using MEMS specific CoventorWare® software and captured the deflection obtained by each configuration. First, the length and location of the gold layer, with respect to the polysilicon beam, were varied and modeled to determine the optimal geometry and configuration, to produce the highest initial deflection of the actuator assembly. Figure 2 (a) and (b) show . . a sample of configurations modeled. For this, three separate lengths of gold were evaluated, 175 µm (one third length), 250 µm (half length), and 496 µm (full length), in two different locations, centered on beam and at start of beams. Additionally, models containing varied metal layer lengths were modeled, located at the start of the beams. The second phase of the modeling varied the number of beams in the actuator to characterize the effects additional beams have on the structure. Lastly, the effects of reducing beam width and spacing width were examined in hopes of reducing actuator footprint, thus increasing the fill-factor of the full device and the "zipper" actuator assembly was connected to a micromirror platform assembly to verify initial deflection characteristics observed in individual "zipper" actuators held when incorporated into a full device.
RESULTS
The purpose of this modeling and simulation research is to characterize how different bimorph cantilever beam geometries and configurations effect the operation of this "zipper" actuator in a micromirror actuation device, in order to optimize the design prior to device fabrication. From this point forward, the primary anchor point indicates the start of beam one, beam two starts at the end of beam one (connected via secondary anchor one), beam three starts at the end of beam two (connected via secondary anchor two), and so on.
Phase I Modeling
During this phase of it quickly became apparent that the angle observed at the end of beam one (relative to the substrate) had an adverse effect on the deflection of beam two. Figure 3 shows 250 µm long metal layers oriented at the center of the cantilever beams. This configuration produced a maximum deflection of 14 µm, observed at the end of beam one.
Beam two actually produced a deflection of -14 µm and beam three produced the same deflection as beam one. Similar results were observed with full length and one third length metal layers centered on the cantilever beams; the only difference being the maximum deflections obtained. With the metal layer located at the start of the beams the results 1.2 1.4
Step were much more promising. This configuration resulted in a maximum deflection more than double than that of the first models. Figure 4 clearly shows that not only did moving the metal layer to the start of the beam add an additional 6 µm deflection to beam one but the stacking bimorph beams produce a greater maximum deflection in the "zipper" actuator assembly. An interesting observation is clearly seen in the graph of static net deflection for each beam in the system. A 20 µm deflection is observed at secondary anchor one, a deflection of 14 µm (-6 µm) is observed at secondary anchor two, and a deflection of 33 µm (+19 µm) is observed at the end of beam three. The most interesting finding of this phase of the modeling, and arguably most import, occurs with beam two in the system. Although this beam produces a negative deflection in the assembly, it brings secondary anchor two nearly parallel to the substrate, which proves to be vital to the "zipper" function of the assembly. By enabling beam three to add an additional 19 µm to the assembly. . . . In an effort to overcome the negative deflection observed between secondary anchor one and secondary anchor two, the "zipper" actuator assembly was modeled with varied lengths of metal layers; starting with a shorter length metal layer on Step beam one and getting progressively longer on each subsequent beam. In doing this, one can minimize the angle at the end of each beam. This provides a starting angle for the next beam closer to parallel with the substrate and the additional length of the metal layer produces more deflection which assists in overcoming the negative deflection. Figure 5 shows that this approach does indeed overcome the negative deflection observed in beam two of previous designs. It also shows that the overall results, maximum deflection of the assembly, are worse. While each beam yields a gain in deflection between its starting and ending points, the shorter metal layer lengths significantly reduce the system deflection. Additionally, none of the secondary anchors return to near parallel with the substrate; requiring more metal layer length . in subsequent beams to overcome ever increasing angles. Similar results were observed in other varied length configurations, none of which produced results significantly better than those observed in previous designs. These findings confirm that the maximum step size of a "zipper" actuator assembly is driven by the number of beams in that system and also highlight that changing the number of beams in a varied length actuator assembly mandates complex recalculations of the optimal step size of the metal layers; making this design not transferrable between applications with different space requirements.
As a result of the findings in phase I it was determined that the "zipper" actuator design with half length metal layer located at the bottom of cantilever beams is the best design to meet the unique needs of this research.
Phase II Modeling
Moving into phase II, the purpose is to examine the effect that adding additional bimorph beams to the "zipper" actuator assembly has on the maximum deflection of the system in hopes of identifying a predictable pattern. For this 4 beam, 5 beam ( Figure 6 ), 7 beam and 10 beam (Figure 7 ) models were run. Both Figure 6 and Figure 7 show that each odd . Step Step Figure 6 : CoventorWare® simulation and deflection graph of a five beam "zipper" actuator with half length metal layer located at the bottom of cantilever beam.
numbered beam produces approximately 20 µm of deflection, while each even numbered beam approximately -6 µm. This provides a predictable pattern which can be exploited. Given that each pair of beams adds an additional 14 µm to the system, the number of beams needed to reach specific design criteria is easily determined. 
Phase III Modeling
The final phase of the modeling served two purposes. It reexamined aspects of the initial design geometry in order to quickly evaluate the impact space saving adjustments has on the maximum deflection of the system and it verified the modeling results for individual "zipper" actuator assemblies would hold true once incorporated into a micromirror actuator assembly. Figure 8 shows the results of a 33% reduction in bimorph cantilever beam width and a 50% reduction in the spacing between the beams. This reduces the footprint of the actuator by 15 µm per beam with minimal lose of beam deflection. When compared to the results seen Figure 6 the space saving adjustments reduced the maximum deflection in a five beam "zipper" actuator by a total of 4 µm. Finally, three beam and four beam micromirror platform assemblies were modeled to ensure the "zipper" actuator modeling results hold true once incorporated into a device. Figure 9 is a static model of micromirror platform assembly driven by 4 three beam "zipper" actuators. This model shows a loss of 4 µm in the system. Keeping in mind that 3 µm of that loss is attributed to the space saving adjustments made to the three beam actuators. The model indicates approximately 1 µm of deflection loss can be expected in the system as a result of the additional stress applied to the actuators once incorporated into a micromirror platform assembly. 
Fabricated Devices
Follow the modeling, three beam through eight beam micromirror platform assembly configurations with space saving "zipper" actuators were submitted to MEMSCAP Inc. for fabrication using their PolyMUMPs® process. Figure 10 is an SEM image of a fabricated micromirror platform assembly driven by 4 seven beam "zipper" actuators. It clearly shows .. . How each pair of beams produce additional positive deflection in the system. Initial deflections of the fabricated devices were measured at the micromirror platform using a ZYGO® NewView™ 7300 3D optical white light interferometer and all outperformed model expectations. The three beam actuator device produced 35 µm of initial deflection, the five beam actuator device produced 55 µm of initial deflection, and the seven beam actuator device, seen in Figure 10 , produced 70 µm of initial deflection.
CONCLUSION
The modeling of the research shows how the "zipper" actuator can be used to achieve high initial deflections in an electrostatic actuator while saving space. Coupling the modeling result and the measured result of initial fabricated devices, it is clear to see the feasibility of this "zipper" actuator as a viable option for the fast operation of larger deflection angle micromirror actuator assemblies.
With minimal post fabrication processing, to increase the stress in the bimorph cantilever beams, or minor adjustment in the fabrication processes, such as the use of different materials, the "zipper" actuator can produce even greater initial deflections; increasing the initial deflection of the micromirror platform thus allowing for even greater deflection angles to be reached.
